Abstract -A synthesis of donor-acceptor-substituted oligothiophenes by Stille coupling is described. The 5´-estanyl derivatives, readily prepared from 5-alkoxy-and 5-amino-2,2´-bithiophenes 7 were coupled with the appropriate aryl or heteroaryl bromides to give the title compounds.
Introduction
The interest in future photonic devices such as frequency converters, light modulators and optical switches has led to the development of a variety of organic non-linear optical (NLO) chromophores. [1] [2] [3] In the last few years, thiophene containing donor-acceptor substituted π systems have been extensively investigated. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] These novel push-pull systems exibit enhanced second-order polarizabilities β compared to biphenyls or stilbenes. 14, 16 Donor-acceptor substituted oligothiophenes represent promising candidates for NLO applications. [1] [2] [3] [4] 13, 17, 20 The synthesis of donor-acceptor oligothiophenes may be achieved by several methods such as cross-coupling reactions; Stille, [14] [15] [16] [17] [21] [22] [23] [24] Suzuki, 25 or others 4, 6, 8, [26] [27] [28] and by procedures involving thiophene ring formations. 19, [29] [30] Recently we have developed an efficient method for the synthesis of 5-amino-and 5-alkoxy-2,2´-bithiophenes. 31 These compounds have proved to be versatile substrates in formylation, dicyanovinylation and tricyanovinylation reactions, permitting the preparation of several new donor-acceptor substituted bithiophenes. 32 As part of our continuing interest in non-linear optical material [32] [33] [34] [35] [36] we report here the use of the readily available 5-amino-and 5-alkoxy-2,2´-bithiophenes in the Stille crosscoupling reaction with phenyl, thienyl and bithienyl bromides to obtain new donoracceptor substituted oligothiophenes.
The Stille coupling was chosen because it is one of the most versatile methods for C-C bond formation for several reasons: i) the organostannanes are readily prepared, purified and stored; ii) the Stille conditions tolerate a wide variety of functional groups (e.g. CO 2 R, CN, OH, CHO, NO 2 ); iii) the reaction can be performed under mild conditions and iv) in contrast to the Suzuki reaction, the Stille coupling can be run under neutral conditions. [37] [38] 
Results and discussion

Synthesis
A series of chromophores was synthesized with either alcoxy-or N,N-dialkylaminodonors and formyl, nitro and dicyanovinyl acceptors across a conjugated π-bridge containing a bithiophene-benzene, terthiophene or tetrathiophene moiety.
The bithiophenes 9d, 10a-d, 11d, the terthiophenes 12b, 13-15d and the quaterthiophene 16d were synthesized by Pd(PPh 3 ) 4 catalyzed cross coupling reactions of (tributylstannyl)bithiophenes 8a-d with the acceptor-substituted bromo-aryl or heteroaryl compounds 1a-b, d, 2a-c and 6.
The aryl, thienyl and the bithienyl bromides used were activated by electron withdrawing substituents such as formyl, nitro and dicyanovinyl. The bromo derivatives 1-bromo-4-cyanobenzene 1a, 1-bromo-4-nitrobenzene 1b, 4-bromo-1-formylbenzene 1c, 5-bromo-2-formylthiophene 2a and 5-bromo-2-nitrothiophene 2b were commercially available. The synthesis of the other bromo derivatives was achieved by several methods. Knoevenagel condensation 39 Compound 4 was synthesized from the commercially available 2-bromothiophene 3 in quantitative yield, by lithiation, using n-BuLi at 0 o C, followed by transmetalation with tributyltin chloride at -78 o C (Scheme 1).
<SCHEME 1>
The bromo derivatives 1d, 2c and 6 described earlier were synthesized in order to be coupled under Stille conditions with the stannane bithiophenes 8a-d.
The synthesis of bithienylstannanes 8a-d was achieved by metalation of 5-alkoxy-and 5-N,N-dialkylamino-2,2'-bithiophenes 7a-d, using n-BuLi at 0 o C followed by transmetalation with tributyltin chloride at -78 o C (Scheme 2). The organotin compounds 8a-d were obtained in good yields (81-90%) and were used in the Stille coupling reactions without further purification.
The Stille reactions were performed in toluene under an argon atmosphere and Pd(PPh 3 ) 4 (2 mol%) was used as palladium catalyst at 80 o C for 8-33.5 h (Scheme 2).
<SCHEME 2>
The donor-acceptor oligothiophenes were obtained in moderate to good yields 42-65% (Table 1) . Better yields were obtained when more activated aryl or thienyl bromides were used in the Stille couplings. Therefore, bithiophene 10a was synthesised in 65% 
<TABLE 1>
Waite 41 et al reported the study of the polarizability and hyperpolarizability of terthiophene 12b but no analytical data was described for this compound.
UV-visible study of oligothiophenes
Electronic absorption spectra of all the push-pull compounds 9-16 show an intense lowest energy charge-transfer absorption band in the UV-vis. region. The position of this band is strongly influenced by the structure of the compounds, for example by the type of π bridge and the substitution pattern in the donor and acceptor moieties 19 ( Table   1 ). In general, the stronger the donor and/or acceptor group, the smaller the energy difference between ground and excited states, and the longer the wavelength of absorption. 14 According to Zyss 1 the increase of the β values characteristic of the NLO effects is accompanied by an increase of the λ max in the UV-vis spectra.
Comparison of the electronic absorption spectra of piperidino-T 2 -4-NO 2 -Ph 10d (Table   1 , entry 5) (λ max = 453.0 nm) with piperidino-T 3 -NO 2 14d (Table 1 , entry 9) (λ max = 504 nm) reveals that the replacement of a benzene ring with a thiophene ring causes a dramatic red shift of the charge-transfer band. This observation clearly indicates that the incorporation of thiophene moieties in push-pull compounds enhances their chargetransfer properties. 4, 8, 13, 20 Solvatochromic behavior of oligothiophenes This behaviour has been defined as a positive solvatochromic response (between ∆υ=1333 cm -1 for 16d and ∆υ=3758 cm -1 for 11d) that is related to a greater stabilization of the excited state relative to the ground state with increasing polarity of the solvent.
Because of the pronounced solvatochromism, the good correlation with π* values for the 14 solvents investigated (r = 0.8495) and the long wavelength absorption in the visible range, 11d seemed to be a very appropriate solvent polarity indicating dye (Table 3 ). The change in dipole moment on electronic excitation was shown to be oriented parallel to the transition dipole and is moreover constant over the whole charge transfer band.
The great number of aliphatic and dipolar aprotic solvents was chosen to determine the correlation behaviour of υ max (11d) and π* because specific interactions were not expected. In fact a good correlation between absorption wavenumbers of 11d and π* values (r = 0.9431) of the corresponding solvents was obtained (Table 2) .
However, as shown in Figure 1 , the alcohols, aromatic and chlorinated solvents slightly deviate from this regression line. The behaviour in chlorinated and aromatic solvents, which display the lowest energy transitions is noteworthy. Similar behaviour has been observed for donor-acceptor molecules of oligothiophenes where the trend was rationalized as a consequence of an intramolecular charge transfer. 14 
<TABLE 2> <TABLE 3>
The oligothiophene derivatives 9-16 were completely characterized by HRMS, 1 H spectroscopy and by IR and UV-Vis. spectroscopy.
The study of the thermal stability, the electrochemical and the non-linear optical properties of the new oligothiophenes are under way. All reactions were carried out under an argon atmosphere in dry glassware.
Experimental
The phenyl and thienyl bromides 1a-c, 2a-b and 3 were purchased from Aldrich and used as received.
The synthesis of bithiophenes 7a-d has been described elsewhere. 31
General procedure for the synthesis of dicyanovinyl derivatives 1d and 2c from the corresponding formyl compounds 1c and 2a by Knoevenagel condensation
To a solution of malononitrile (1.2 g, 18 mmol) and the formyl derivatives 1c and 2a
(15 mmol) in ethanol (50 ml) was added piperidine (1 drop). The solution was heated at reflux for 1 h, then cooled and the solvent was removed under reduced pressure to give the crude dicyanovinyl compounds. The resulting solids were recrystallized to give the title compounds 1d and 2c. 
General procedure for the synthesis of 2-alkoxy-and 2-amino-substituted 5-(tri-nbutylstannyl)-2,2'-bithiophenes 8a-d
Under Ar a solution of n-BuLi in hexanes (1.3 ml, 3.21 mmol, 2.5 M) was dropped into a stirred solution of 7 (2.7 mmol) in dry ether at 0 o C. After 1 h the mixture was cooled to -78 o C and a solution of tri-n-butylchlorostannane (2.7 mmol) in dry ether was slowly added and the mixture was stirred overnight. The mixture was then added to water (50 ml). The aqueous layer was extracted with ether (3x30 ml). The combined organic layers were dried with magnesium sulfate, and the solvent was removed in vacuo to give product 8. Derivatives 8a-d were used in the Stille couplings without further purification. 
5-Methoxy-5'-(tri-n-butylstannyl)-2,2'-bithiophene 8a: green oil (85%
